A blast wave, especially from muzzle-loaded weapons, actually causes serious harm to gunners and weapons, as well as the surrounding environment. Therefore, accurate evaluation of high-pressure blast wave is considered a critical issue. The blast overpressure produced by muzzle blast wave in large-caliber weapons was performed numerically and experimentally in this study to resolve the problem above. First, two 3D computational models were constructed: one with a precursor flow field and the other without one. The muzzle flow field with a complicated projectile was simulated numerically. A second-order upwind scheme and multi-domain structured grids were employed to solve Navier-Stokes governing equations, and the Spalart-Allmaras model was utilized for turbulent flow calculation. Second, the muzzle blast overpressure over time in these two cases was calculated thoroughly. Finally, the values of the muzzle blast overpressure at different key points were tested by experiments. Results show that the peak overpressure in the area near the muzzle is larger when the precursor flow is considered. Moreover, the simulation values with the precursor flow are closer to the experimental values than those without the precursor flow. When the tested point is closer to the muzzle, its overpressure is affected greater by the precursor flow. Thus, precursor flow should be considered in the design of the muzzle device but should be neglected in the analysis of the far field. This study is meaningful and significant in studying the process of muzzle shockwave and in designing muzzle devices.
Introduction
A projectile is accelerated by the abrupt explosion of the propellant inside the gun barrel during a gun firing. Simultaneously, the precursor shockwave is formed ahead of the projectile. Another blast wave is formed after the projectile leaves the muzzle, which is produced by the highpressure propellant gas behind the projectile [1, 2] . All of these waves can produce various complex physical coupling phenomena, such as the muzzle flash near the muzzle, muzzle blast wave, and noise in the far field. These physical phenomena bring different effects, such as damage to human bodies and equipment around the gun, and greatly reduce artillery performance. The least serious result is a short period of tinnitus and deafness, and serious consequences can be earache, ear bleeding, and even internal hemorrhage to the gunner. These phenomena are more obvious and destructive for large-caliber guns. Thus, the muzzle shockwave directly affects the health of the gunner.
These kinds of muzzle blast flow usually have many special features and properties, such as high energy, impulsiveness, low frequency, strong directivity, and longrange propagation [3] . The muzzle blast wave is highly directional that sound effect at the locations directly in front of the gun is about 15 dB higher than in equidistant locations directly to the rear of the gun [4] . According to some experimental investigations, the noise levels due to highpressure blast flow could be heard about 10 miles away from the firing point at a level of 90 dB [3] . The modern war has set higher requirements for the comprehensive performance of artilleries. For example, guns should have more power and maneuverability, and must secure the safety of the operator and equipment. Exploring the muzzle shock wave attenuation rule is important in the design of modern artillery to reduce or eliminate the adverse effects mentioned previously. Therefore, the accurate simulation and measurement of the muzzle blast wave are becoming important parts of the gun system during research.
State of the Art
Many studies on muzzle blast flows have been conducted numerically with the recent development of computational fluid dynamics (CFD) technology [5, 6, 7, 8, 9] . These studies have provided considerable insight into blast wave structure and propagation. However, the movement and the complex geometry of the projectile were ignored or simplified. To study the detailed structures of the blast flow, Chevaugeon et al. [10] used discontinuous Galerkin methods and mesh adaptation methods to solve the 2D compressible Euler equations, and predicted shock strengths and blast overpressure. Zhang et al. [11] simulated the flying away of a high-speed projectile from the bores through different muzzle brakes using a high-resolution Roe scheme and structured dynamic mesh techniques based on the 2D unsteady Euler equations. As for muzzle device investigations, Florio [12] studied the effects of auxiliary flow tube vent opening area and arrangement on the gas flow field as a gas propelled cylinder exited a flow tube, and the researcher found that larger single openings were more effective in reducing the end of flow tube pressure, whereas multiple openings were more conducive to a reduced recoil force. Hudson and Luchini [13] evaluated the utility of computational models in the design of suppressors for smallcaliber guns. The projectile in their study was of the real shape, however, the 2D calculation model, especially with muzzle devices, could not accurately reflect the developing process of the flow field. Moreover, the research was performed based on small-caliber weapons and not on largecaliber weapons.
Many experiments have also been performed by several researchers [14, 15, 16] . However, these experiments were performed based on small weapons, and focused on the structure of the flow field and the pressure produced by the muzzle blast of different muzzles. The overpressure influenced by the precursor flow, especially for large-caliber weapons, has not been reported in the corresponding literature. The overpressure is essential in the research on vehicle-mounted guns to achieve the reasonable design of car body structure.
The present study focuses on a large-caliber muzzleloaded gun. The real shape of the projectile and moving-grid methods are considered in simulations. Moreover, 3D Navier-Stokes (N-S) equations are used for the governing equations to evaluate the overpressure of the muzzle blast overpressure accurately. In this way, the complex structure of the muzzle flow can be reflected clearly, and the peak overpressure is closer to the actual value.
The remaining part of this paper is organized as follows: Section 3 describes the methodology used in this study. Section 4 presents the numerical analyses in detail by constructing two 3D computational models and testing the muzzle blast wave overpressure at given points in largecaliber weapons. Finally, the conclusions are summarized in Section 5.
Methodology

Governing equations
The gunpowder gas is regarded as the perfect gas and ignores the chemical reaction to simulate the complex flow through the muzzle brake. Three-dimensional viscous and compressible N-S equations can be described by the following equations:
where U is the variable to be solved. F, G, and H are the inviscid fluxes in three coordinate directions. 
where ρ is density; u, v, and w are Cartesian velocity components for the x-, y-, and z-directions, respectively; p is pressure; k is gas conductivity; ij τ represents the viscous stresses; and e is the total energy per unit volume which is defined as:
Parameter γ is the specific heat ratio. Ideal gas equation of state is defined as:
Prandtl number is expressed as:
and µ is given by 
Turbulence model
The Spalart-Allmaras model is applied for the turbulent flow calculation. This model includes a developed singleequation model and is effective for simulating boundarylayer flow fields for adverse pressure gradient problems. The transport equation for turbulent energy of the SpalartAllmaras model is expressed as follows:
From left to right, the terms account for transient, advection, diffusion, generation, and dissipation effects, respectively. The turbulent viscosity is calculated by the Kolmogorov-Prandtl expression:
C are empirical coefficients.
Numerical analysis method
A stable converged result is calculated in every time step for unsteady problems. In this work, finite volume method is used for space discretization. The second-order upwind scheme is adopted to discrete flux, and the explicit two-step Runge-Kutta method is used in time marching.
Simulation Analysis
Computational domain
The large-caliber 122-mm gun is selected to analyze the muzzle blast wave. A quarter of the axisymmetric computational domain is constructed, which is shown in Fig.  1 . Two models are set up to study the overpressure produced by the muzzle blast wave. Model 1 is set up without initial muzzle flow, including a projectile moving from the muzzle. Model 2 is set up with the initial flow field and the projectile moving from the bottom of the tube according to internal ballistics. 
Mesh methods
Multi-domain structured grids are employed in the simulations. Hybrid structured grid and moving-grid methods are used in the internal ballistic period. Quadrilateral mesh is applied for the regular surfaces. The hexahedral mesh is applied for the area far from the muzzle. Adaptive mesh refinement is applied to the numerical simulation of the muzzle flow around the projectile. Mesh diagram is shown in Fig. 2 . 
Initial and boundary conditions
Initial conditions include velocity, pressure, density, and temperature. In the period of internal ballistics, the friction between the projectile and the tube is negligible, and the driving force acting on the projectile is sufficient enough to overcome the friction and the drag force to keep the projectile moving completely inside the tube. Projectile motion follows Newton's law when the projectile begins to move out of the tube. The loading conditions include pressure, velocity, and temperature of the gunpowder gases in the tube. These parameter distributions can be obtained by solving the internal ballistics.
The boundary conditions used in this simulation include plane-symmetric, moving, wall, and pressure outlet boundaries. Plane-symmetric and pressure outlet boundaries are shown in Fig. 3 . 
Muzzle blast pressure analysis
Different points are selected at a radial distance of 0.88 m, 1.28 m, and 1.67 m from the center of the muzzle brake to obtain the overpressure produced by muzzle blast wave under the muzzle brake. These points have been taken at an angle of 0°, 30°, and 45°, respectively, as shown in Fig. 4 . The overpressure values at the given points are almost zero in the period of internal ballistics. However, the overpressure values at the given points increase rapidly in a very short period of time and reach their maximum values within 1 ms as the highpressure propellant gas begins to flow out of the side holes of the muzzle at the beginning of the after-effect period. As shown in Fig. 5 , the pressure value at point G is up to its maximum initially in the 30° direction. The same phenomenon takes place at points H and I, respectively. The pressure value is maximized at point G at the peripheral direction, which is 0.88 m away from the gun muzzle, followed by points D and A. However, as shown in Fig. 6 , the calculation overpressure results of the two models are basically the same at the gunner position farther away from the muzzle. Thus, the influence of the precursor flow field is mainly at the beginning of the after-effect period, whereas the effect on the latter is insignificant. 
Living firing test
A set of test system is designed to fix the sensor to test the change of shockwave at the given points below the muzzle brake and the breech position at the state of 0° traversing angle and 30° elevating angle. The schematic diagram of the test system is shown in Fig. 7 , and the test scene is shown in Fig. 8 . Fig. 9 is the p-t curves of the test overpressure at points C, D, E, F, I, and J. The curves in the graph correctly reflect the variation law of shockwave propagation, and the test results capture the main shockwave maximum overpressure point. Simultaneously, fluctuation phenomenon can be found in the test results in the process of shockwave attenuation because of the existence of chemical reaction and the secondary muzzle flash in the real process of projectile firing. (f) Point J Fig. 9 . P-t curves of the test overpressure at given points Tab. 1 shows the peak overpressure at tested points. The simulation results of Model 2 are closer to the test data. The test values are slightly higher than the calculated values considering precursor flow field. However, the change rules of each monitored point are consistent with the numerical calculation, because the computing grid in the flow field is not sufficiently thin. The calculating time increases with the number of computing grids. Therefore, the appropriate grid size and quantity should be selected according to the actual situation. 
Conclusion
This study aims to evaluate the muzzle blast overpressure accurately and explore the effects of the precursor flow on muzzle blast overpressure. Thus, numerical simulation of muzzle blast overpressure based on CFD technology was conducted. Then, the second-order upwind scheme was employed to solve N-S governing equations. Finally, the simulated peak overpressure was verified by numerical experiments. The main conclusions are as follows:
(1) The numerical simulation results of the two models are similar. The values of the model with precursor flow field are higher than that of the model without precursor flow field. When the distance is farther away from the muzzle, the difference between the peak overpressure calculated by the two models is smaller. The calculation overpressure results are basically the same for the gunner position farther away from the muzzle.
(2) The peak overpressure values of the given points based on the model with precursor flow field agree well with the experimental values. The numerical simulation method considering the precursor flow field can be used to evaluate the shockwave overpressure, which can greatly reduce the test cost and shorten the design cycle for the weapon system.
(3) The influence of the precursor flow field is mainly at the beginning of the after-effect period, whereas the effect on the latter is small. Therefore, the precursor flow field can be neglected during the middle and far-field calculation of the shockwave. However, the initial flow field should be considered when designing muzzle devices.
This study is useful for the design of weapon system, particularly for the muzzle device. Nonetheless, the study is hindered by a number of limitations. The chemical reactions between the propellant gas and the influence of recoil were not considered in the analysis. In future works, the simulation results should be further studied.
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